HUMAN NEUROSCIENCE 



HYPOTHESIS AND THEORY ARTICLE 

published: 01 August 2013 
doi: 10.3389/fnhum.2013. 00424 




Conical expansion of the outer subventricular zone and the 
role of neocortical folding in evolution and development 

Eric Lewitus, Iva Kelava and Wieland B. Huttner* 

Max Planck Institute of Molecular Cell Biology and Genetics, Dresden, Germany 



Edited by: 

Roberto Lent, Federal University of 
Rio de Janeiro, Brazil 

Reviewed by: 

Juan A. De Carlos, Instituto Cajal 
(Consejo Superior de 
Investigaciones Cientlficas), Spain 
Jon H. Kaas, Vanderbilt University, 
USA 

Charles F. Stevens, The Salk 
Institute for Biological Studies, USA 

'Correspondence: 

Wieland B. Huttner, Max Planck 
Institute of Molecular Cell Biology 
and Genetics, Pfotenhauerstr. 108, 
01307 Dresden, Germany 
e-mail: huttner@mpi-cbg.de 



There is a basic rule to mammalian neocortical expansion: as it expands, so does it fold. 
The degree to which it folds, however, cannot strictly be attributed to its expansion. 
Across species, cortical volume does not keep pace with cortical surface area, but 
rather folds appear more rapidly than expected. As a result, larger brains quickly become 
disproportionately more convoluted than smaller brains. Both the absence (lissencephaly) 
and presence (gyrencephaly) of cortical folds is observed in all mammalian orders and, 
while there is likely some phylogenetic signature to the evolutionary appearance of 
gyri and sulci, there are undoubtedly universal trends to the acquisition of folds in 
an expanding neocortex. Whether these trends are governed by conical expansion of 
neocortical germinal zones, the distribution of cortical connectivity, or a combination 
of growth- and connectivity-driven forces remains an open question. But the importance 
of cortical folding for evolution of the uniquely mammalian neocortex, as well as for the 
incidence of neuropathologies in humans, is undisputed. In this hypothesis and theory 
article, we will summarize the development of cortical folds in the neocortex, consider the 
relative influence of growth- vs. connectivity-driven forces for the acquisition of cortical 
folds between and within species, assess the genetic, cell-biological, and mechanistic 
implications for neocortical expansion, and discuss the significance of these implications 
for human evolution, development, and disease. We will argue that evolutionary increases 
in the density of neuron production, achieved via maintenance of a basal proliferative niche 
in the neocortical germinal zones, drive the conical migration of neurons toward the cortical 
surface and ultimately lead to the establishment of cortical folds in large-brained mammal 
species. 
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1. INTRODUCTION 

Cortical folding and brain development are tightly linked. The 
prenatal characterization of gyri and sulci may be used to identify 
functionally distinct cortical areas in many species and predict 
normal or pathological cerebral function at term. Close corre- 
lations between cortical morphology and behavioral function 
(or dysfunction) suggest that the early development of cortical 
folds constitutes an important step, either for normal develop- 
ment or as an indicator of normal development, in the con- 
struction of the human brain. Comparisons between normal 
and pathological human brains and between humans and other 
mammal species highlight important differences in progenitor 
cell-type abundances, cell-cycle dynamics, radial fiber organiza- 
tion, and gene expression profiles that account for gross pheno- 
typic differences in neocortical morphology and function and 
even organismal behavior (Bayer and Altman, 1991; Beaulieu, 
1993; Dehay et al., 1993; Polleux et al., 1997a,b; Lukaszewicz 
et al, 2005; Dubois et al, 2008; Toro et al, 2008; Clowry et al., 
2010; Fietz et al., 2010, 2012; Hansen et al., 2010; Zilles et al, 
2013). 



2. THE CHRONOLOGY OF NEOCORTICAL FOLDING DURING 
DEVELOPMENT IS HIGHLY REGULATED AND CONSERVED 
ACROSS SPECIES 

The emergence of neocortical gyri and sulci can be summarized 
in two stages: (1) the demarcation of primary gyri at human 
gestation weeks (GW) 23-31; and (2) the emergence of sec- 
ondary gyri and the growth of sulcal length and depth between 
late stages of fetal development and early stages of postnatal life 
(Figure 1) (Chi et al, 1977; Armstrong et al., 1995; Mayhew et al, 
1996). Stage 1, which follows the demarcation of cerebral lobes 
and limbic cortical gyri, is largely conserved between humans 
and other gyrencephalic primates. The correlative increase in 
cerebral volume and gyrification during this stage, including a 
dramatic increase in gyri in the occipital region, may in fact con- 
stitute the formation of a characteristic pattern of gyrencephaly 
common to all gyrencephalic primates. Work in Old World mon- 
keys has shown that all neocortical gyri, with the exception of 
the superior temporal gyrus, emerge during Stage 1 and that 
both the chronology of emergence and rostrocaudal distribu- 
tion of gyri are homologous in monkeys and humans (Zilles 
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FIGURE 1 | Timeline of gyrification in human. Stages 1 and 2 are specialized to species and, ultimately, susceptible to local 
delineated by GW 31-32. There is a progressive lack of conservation environmental and experiential variations. 3D reconstructions of fetal 
in cortical folding patterns toward the final stages of gyrification, as human brains from Barnette et al. (2009). Figure follows Sawada 
minor developmental changes in gyri and sulci become increasingly et al. (2012b). 



et al, 1988; Rilling and Insel, 1999; Sawada et al, 2012a,b). There 
is, despite this broad conservation, a delayed emergence of the 
parietoccipital gyri (e.g., cuneus, angular gyrus, supramarginal 
gyrus) in humans compared to monkeys, which, because these 
gyri are associated with Wernicke's area in humans but dor- 
sal extrastriate cortex in monkeys (Sawada et al., 2012a,b), may 
indicate that heterochronic changes in gyri emergence reflect 
species-specific adaptations in particular cortical regions. 

Across all mammal species, cortical folds accumulate non- 
linearly with increasing brain volume, such that, per gram, larger 
brains are more gyrencephalic than smaller brains (Zilles et al., 
2013). Within species, gyrencephaly index (GI) shows high lev- 
els of heritability, but is negatively correlated with both cerebral 
volume and surface area (Rogers et al., 2010). The positive cor- 
relation between GI and cerebral volume and surface observed 
across species is, therefore, unlikely to come from a common 
set of genes. Certain human pathologies further demonstrate 
that genetic mutations affecting gyrencephaly may have limited 
effect on cerebral volume (e.g., lissencephaly, polymicrogyria) or 
cerebral volume on gyrencephaly (e.g., microcephaly, megalen- 
cephaly). The second stage of gyrification in humans is marked 
by the prenatal emergence of small sulci and dimples — generated 
independently of cerebral gyri and accompanied by a major 
increase in brain weight — and the postnatal growth of sulcal 
length and depth (Sawada et al., 2012a). Unlike Stage 1, this 
stage is not correlated with increases in cerebral volume. Rather, 
patterns in monkeys showing considerable increases in sulcal 
infolding in the occipital region and secondary and tertiary sulci 
formation in the frontoparietal region indicate that this period 
may define species-specific topography of gyri (Fukunishi et al., 
2006; Kashima et al, 2008; Sawada et al., 2010, 2012a). For exam- 
ple, increased sulcal infolding in the frontal region of humans 
(Dubois et al., 2008) compared to macaques (Sawada et al., 2010) 
underscores the numerous human-specific adaptations to the 
prefrontal cortex (e.g., Sherwood et al., 2006; Bianchi et al., 2012); 
and disproportionate inter-indiviual variation in humans in the 
anterior prefrontal cortex further underscores the phylogenetic 
recentness and plasticity of this region (Huttner et al., 2005). The 



terminus of gyrencephaly, too, shows species-specificity: degree of 
gyrencephaly stabilizes in baboons around birth (Kochunov et al., 
2010), while in macaques and humans it reaches a maximum 
around 1 year after birth (Sawada et al., 2012a). The wide- 
ranging conservation of gyrencephalic patterning, which cannot 
be explained simply as a physiological consequence of neocortical 
expansion, suggests that genetic mechanisms play an important — 
albeit likely indirect — role in the specification of cortical folding 
(Rakic, 1988). These genes may either programmatically shape 
the topology of germinal zones during cortical growth to antic- 
ipate gyral and sulcal formation (Smart and McSherry, 1986; 
Regis et al., 2005) or specify patterns of fiber connectivity to 
differentially effect tension at the developing cortex (Van Essen, 
1997; Hilgetag and Barbas, 2006). The high heritability of early- 
forming gyri, as well as the species-specific distribution of late- 
forming sulci, support a scenario in which gyrencephalic tinker- 
ing maybe accomplished through selection on axonal tension, but 
that establishment of primary gyri is determined by ventricular 
(VZ) and subventricular zone (SVZ) organization during cortical 
development. 

3. SUBVENTRICULAR EXPANSION AND THE 
ESTABLISHMENT OF GYRI 

The emergence of new structures is typically limited to selec- 
tion on existing developmental pathways. Minor perturbations 
in timing or cell-type proportions may result in major phe- 
notypic adaptations (e.g., delayed retinal neurogenesis in noc- 
turnal vs. diurnal monkeys or the preponderance of basal 
or apical neurogenesis in larger- and smaller-brained species). 
Notwithstanding, there are quite divergent developmental path- 
ways able to generate nearly identical phenotypes (e.g., gastru- 
lation, neural crest formation, and germ cell formation). But 
in either case, we may assume that selection at the gross mor- 
phological level is complemented by adaptations in developmen- 
tal processes. Therefore, any understanding of the appearance 
and distribution of cortical folds must be gleaned from a com- 
parison of neural progenitors during development across taxa 
(Figure 2). 
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FIGURE 2 | Schematic of neural progenitors in the developing 
neocortex in mouse (left) and human (right). Polarized progenitors (bRG 
and aRG) are depicted with processes extending to the apical (bottom) 
and/or basal (top) surface. Non-polarized cells (IPCs and TAPs) divide 
exclusively in the SVZ in both mouse and human. The human SVZ is 
relatively expanded compared to the mouse and divided into an outer 
(OSVZ) and inner (ISVZ) region. CP cortical plate; IZ, intermediate zone; MZ, 
marginal zone; SP subplate. 



At the onset of neurogenesis, neuroepithelial cells forming a 
pseudo-stratified epithelium divide rapidly and symmetrically, 
thus expanding the progenitor pool that will directly or indi- 
rectly generate all of the excitatory neurons in the neocortex. As 
neurogenesis proceeds and the epithelium thickens, neuroepithe- 
lial cells, while retaining their apical and basal contacts (Huttner 
and Brand, 1997; Farkas and Huttner, 2008), begin to express 
astroglia-specific markers (Campbell and Gotz, 2002; Kriegstein 
and Alvarez-Buylla, 2009), lose their tight junctions and elongate 
(Kelava and Huttner, 2012). These apical radial glia (aRG) per- 
form interkinetic nuclear migration (Taverna and Huttner, 2010), 
like neuroepithelial cells, and divide asymmetrically at the apical 
surface of the VZ (Gotz and Huttner, 2005; Fietz and Huttner, 
2011; Lui et al., 2011) in order to produce a neuron, intermedi- 
ate progenitor (IP), or basal radial glia (bRG) (Miyata et al., 2001, 
2004; Noctor et al, 2001, 2004; Haubensak et al., 2004; Fietz et al., 
2010; Hansen et al, 2010; Reillo et al, 2011). IPs and bRG, like 
neurons, delaminate from the apical surface and translocate their 
nucleus to the basal region of the VZ to form the second germinal 
layer, the SVZ, where non-polar IPs self-consume to produce two 
neurons and unipolar bRGs generate neurons asymmetrically via 
IPs or transit- amplifying progenitors (TAPs) (Fietz and Huttner, 
2011; Franco andMtiller, 2013). 

In gyrencephalic species, such as the human and ferret, an 
abundance of basal-oriented progenitors form not only the SVZ, 
but subdivide the SVZ into an outer (OSVZ) and inner (ISVZ) 
region (Smart et al., 2002), each with a distinct expression pro- 
file (Fietz et al., 2012). The presence of an OSVZ populated by 
bRG is thought to be necessary for gyrencephaly: lissencephalic 
species (e.g., mouse, rat, rabbit) lack this derived region, whereas 
gyrencephalic species (e.g., human, macaque, ferret) maintain 



this region. But neither the presence of bRG, which constitute 
a small minority of SVZ progenitors in the mouse (Shitamukai 
et al., 2011; Wang et al., 2011), nor an abundance of bRG, which 
exist in comparable proportions in the lissencephalic marmoset 
and gyrencephalic human (Kelava et al., 2012), is sufficient for 
developing a folded neocortex. Several lines of evidence and 
hypothetical modeling may evince which neurobiological fea- 
tures are both necessary and sufficient for development of a 
gyrencephalic neocortex. 

4. AX0NAL TENSION AND LATE-STAGE PLASTICITY IN 
CORTICAL FOLDING 

The first cortico-cortical and cortico-subcortical tracts emerge 
during development of the preplate. As radial pathways across 
the cortical mantle gradually regress, the subplate forms and 
thalamo-cortical fibers advance into the cortical plate and 
cortico-cortical pathways emerge (Kostovic and Rakic, 1990; 
De Carlos and O'Leary, 1992; Kostovic and Jovanov-Milosevic, 
2006; Kostovic and Judas, 2010). In humans, both the radial orga- 
nization of fiber tracts and establishment of pathways proceed 
along a posterodorsal— >-anteroventral gradient, with gyri forma- 
tion beginning at the parieto-occipital and central sulci during 
GW24 (Takahashi et al, 2012). One of the earliest suggested and 
most widely debated hypotheses of a developmental cause for 
folding focuses on the mechanical tension of axons (Van Essen, 
1997). The so-called tension-based hypothesis states that strong, 
tangentially organized cortico-cortical and weak, radially orga- 
nized cortico-subcortical pathways, in an effort to minimize the 
distance between interconnected regions, cause the outward and 
inward folding of the cortex, respectively. 

A recent extension of this hypothesis, which ascribes axonal 
tensions through the white matter the responsibility of pulling 
inward the cortical surface, proposes that cortical folding is a 
function of white matter connectivity (Mota and Herculano- 
Houzel, 2012). While the emergence of primary sulci with long 
associative fiber tracts is conserved in gyrencephalic species, 
as is the close correlation between white matter volume and 
gyrencephaly during development, no direct connection between 
gyrification and white matter myelination has been observed 
(Neil et al., 1998). More importantly, the crucial assumption in 
tension-based hypotheses — that axonal tension is directed across 
gyri - finds little evidence in its defense (Figure 3). Work in 
the ferret has shown that, while axons are under considerable 
tension in the developing brain, the tension is predominantly 
located in subcortical axon bundles, too deep to affect folding 
at the surface, and that there is no significant circumferential 
axonal tension in developing gyri (Xu et al., 2010). In humans, 
no relationship is observed between gyral formation and the 
establishment of cortico-cortical fiber pathways (Takahashi et al., 
2012). Therefore, axonal tension is unlikely to causally affect cor- 
tical folding. However, radial tension within gyri, regulated by 
white matter connectivity, may limit expansion of the cortex 
and thereby mediate the shape of the cortical surface (Toro and 
Burnod, 2005). 

Regional variations in axonal tension across the cortex have 
been suggested to affect cortical shape and influence local folding 
patterns (Hilgetag and Barbas, 2006; Toro et al., 2008), indicating 
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FIGURE 4 | Basal fibers extending to the cortex during development. 

The density of progenitors in the proliferative basal compartment is 
increased and the angle of migration of their fibers more oblique at sites of 
developing gyri compared to sulci. In lissencephalic species, the basal 
compartment is scarcely populated by proliferating progenitors and fibers 
migrate in parallel to the developing cortex. 
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FIGURE 3 | Observed axonal tension across neocortical gyri. Axonal 
tension (arrows) is distributed circumferentially across the subcortical white 
matter (dashed arrows), but radially in the subplate and gyral folds (filled 
arrows). Contrary to the connectivty-driven hypothesis (see section 4), 
circumferential tension is not observed across neocortical gray matter (Xu 
etal., 2010). 



that axonal tension is either the driving force behind late-stage 
increases in species-specific gyrification or that early-stage ten- 
sion forces — too small to drive cortical folding by mechanical 
deformation — may, nonetheless, provide feedback signals that 
trigger patterns of differential growth in the germinal zone (see 
Beloussov, 1 998) . The coincident emergence of primary sulci with 
long associative fiber tracts lends support to the latter scenario, 
wherein the subplate zone plays host to interactions between 
developing fiber tracts and the production and migration of 
immature neurons (Kostovic and Rakic, 1990; Armstrong et al., 
1995). On the other hand, axonal tension is not observed to 
induce morphological deformations (Knutsen et al., 2013); so, 
regional variation in cortical tension, proceeding from a topol- 
ogy of gyri and sulci established by differential gray matter (GM) 
growth, is more likely to only tinker with late-stage gyrencephaly. 
Minor intraspecific differences in gyri and sulcal formation, 
particularly in the late-forming prefrontal cortex, support this 
scenario (Toro et al., 2008). 

5. EXPANSION OF THE 0SVZ INCREASES CORTICAL 
SURFACE AREA 

The fibers of polarized progenitors provide scaffolding to guide 
migrating neurons to the developing cortex. In the OSVZ, the 
scaffolding of bRG resembles a fan, which modifies the trajec- 
tory of migrating neurons by driving them to expand conically 
(Figure 4) (Fietz and Huttner, 2011; Lui et al, 2011; Borrell and 
Reillo, 2012). This, in turn, increases cortical surface area; and 
experimentally increasing or decreasing cortical surface area dur- 
ing development leads to the production or reduction of gyri, 
respectively (Reillo et al., 2011). While the caudal— rostral gra- 
dient of cortical folding tends to mirror the transverse gradient 
of neurogenesis (Smart and McSherry, 1986), no gyrencephalic 
species has a uniform distribution of gyri and sulci, but a pat- 
tern that reflects both functional specialization and phylogenetic 
inheritance. Therefore, the topology of gyri should be reflected in 
the distribution and mitotic activity of OSVZ progenitors in the 
developing neocortex. And so it is. In the cat, the density of OSVZ 
mitoses is three-fold higher in the prospective parietal compared 
to temporal cortex, reflecting the higher degree of folding and 



expanded surface area in the former compared to the latter region; 
in the ferret, the density of OSVZ mitoses is three-fold higher in 
the prospective splenial gyrus than lateral sulcus, reflecting the 
relative conical expansion and cortical folding of those regions; 
and in the human and monkey, OSVZ mitoses are most abundant 
in the highly folded parietal and temporal regions (Lukaszewicz 
et al., 2005; Reillo et al., 2011). The evidence suggests, therefore, 
that OSVZ progenitors accumulate and/or cycle faster in regions 
that will undergo the greatest cortical folding. 

The degree of cissoidian radial fiber divergence, which drives 
3D conical expansion of the cortical surface, increases expo- 
nentially during neurogenesis in prospective gyral regions, but 
remains mostly parallel in smooth regions, as it does in 
lissencephalic species (Lui et al., 2011; Borrell and Reillo, 2012). 
Importantly, it is not the production of neurons but the diver- 
gence of radial fibers (which may be an evolutionary response 
to increases in neuron production) that drives conical expan- 
sion. Enucleation studies in the ferret show how a reduction in 
the proliferation of bRG leads to a smaller, but no less gyrified, 
splenial gyrus (Reillo et al., 2011). The mechanistic, and likely 
genetic (see section 2), dissociation of neuron production and 
cortical folding is also clear in disease phenotypes. Pachygyria, for 
example, is characterized by a decrease in cortical surface area, 
but not neuron number (Ross and Walsh, 2001), whereas the 
decrease in neuron number in microcephaly is not accompanied 
by a commensurate loss in cortical folding (Bond et al., 2002). 
However, the dissociation of neuron production and cortical fold- 
ing in development does not necessarily imply that these traits 
were subject to distinct selection pressures. On the contrary, the 
ubiquity of enlarged, gyrencephalic brains across the mammalian 
phylogeny, and the near absence of large-brained lissencephalic 
species, strongly suggests that neocortical expansion and folding 
evolved in concert. 
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6. GYRENCEPHALYAND CORTICAL THINNING AS 
MECHANISTIC RESPONSES TO EVOLUTIONARY 
INCREASES IN NEURON PRODUCTION 

Given two brains of equal radial dimensions, the more folded 
specimen tends to have a thinner cortex (Hofman, 1985; Pillay 
and Manger, 2007). In humans, a thin and extensively folded 
neocortex is characteristic of polymicrogyria (Rakic, 1988; Chang 
et al., 2004) and may manifest in schizophrenia (Harrison, 1999; 
Palaniyappan and Liddle, 2012), Williams syndrome (Gaser et al., 
2006), and autism (Jou et al., 2010). Across species, the most 
gyrencephalic taxa (cetartiodactyla) also have the thinnest cor- 
tices (Manger et al., 2012). Nonetheless, the relationships between 
brain volume, gyrencephaly, and GM cortical thickness, in devel- 
opment and evolution, remain elusive (Figure 5). 

GM thickness and GI — like brain volume, cortical surface area, 
and gray matter volume — are heritable traits (Panizzon et al., 
2009; Eyler et al., 2012). But while brain volume, cortical sur- 
face area, and gray matter volume show high levels of statistical 
and genetic correlation within a population, GM thickness and 
GI are lowly or negatively correlated with most neuroanatomical 
traits (Rogers et al., 2010; Winkler et al., 2010). In mammalian 
evolution, we also find a somewhat chaotic correlative pattern of 
GM thickness (Figure 5). Cetaceans are the most gyrencephalic 
mammals and exhibit a thin cortex (< 1.75 mm) and low neuron 
density (<65,000per mm 3 ) (Hof et al, 2005; Kern et al., 2011); 
but despite a magnitude of variation in brain volume across 
cetacean species, GI values remain nearly constant. Pinnipeds, 
the aquatic carnivores, likewise show very high levels of gyren- 
cephaly (Manger et al., 2012). So perhaps adaptation to an aquatic 
environment releases a constraint on evolving increasingly folded 
cortices (see Butti et al, 2011). However, the manatee, the only 
other aquatic mammal, has a relatively large, lissencephalic brain 
and a thick cortex (~3 mm) (Reep et al., 1989; Reep and O'Shea, 
1990; Marshall and Reep, 1995). Among terrestrial mammals, 
artiodactyls have the highest GI values, as well as distinctly thin 
cortices and low neuron densities compared to primates and car- 
nivores (Chow, 1950), whereas the relatively large-brained beaver, 
like the manatee, is lissencephalic (Pillay and Manger, 2007). A 
loose negative correlation between GI and relative (i.e., corrected 
for neocortical volume) ventricular volume [Fn 30) = 3.834, P = 
0.06] may explain the large ventricles and smooth cortices of 
the beaver and manatee. Furthermore, our analyses find signifi- 
cant scaling relationships between GM thickness and both brain 
weight and neuron density (Figure 6) (Harrison et al., 2002). 
These data support the observed convergence of GM thinning in 
large-brained species, but not the lack of correlation between GM 
thickness and other neuroanatomical variables within human and 
other primate populations (see above). If the genes, and there- 
fore selection pressures, mediating GM thickness and folding are 
independent of those mediating other brain variables, as our and 
previous analyses suggest, then we should consider a develop- 
mental scenario wherein cortical folding and thinning become 
advantageous to selection for increases in neuron number. 

There is a 1000-fold difference in cortical neuron number 
between mouse and human, but only a 10-fold difference in the 
length of the neurogenic period. The increase in neuron num- 
ber in human, therefore, means an exponential amplification of 



neuron generation. As discussed in section 3, neurons in the 
human and other large-brained species are generated primarily 
in the OSVZ, where immature neurons migrate to the corti- 
cal plate along fibers provided by bRG. It is the divergence of 
these fibers that drives conical expansion and ultimately gyrifi- 
cation of the neocortex (see section 5). However, the divergence 
of radial fibers exiting the OSVZ only organize the migration 
of neurons to the cortex, allowing them to fan out across an 
expanding surface rather than continue to populate an over- 
crowding cortical column (i.e., radial fiber divergence has adapted 
to accommodate selection for increased neuron generation). The 
ubiquity of gyrencephaly across mammalian orders, absent any 
genetic correlation between brain volume and GI (see above), 
suggests that the mechanistic ability for radial fibers in the OSVZ 
to diverge in response to rapid increases in neuron generation 
is either extremely adaptable or deeply homologous (i.e., the 
conical expansion of fibers is likely constrained by mechanistic 
limitations or by a conserved developmental toolbox that makes 
any other solution to the problem of increasing neuron genera- 
tion deleteriously demanding). But in either case, cortical folding 
is simply a conserved, mechanistic response to selection for an 
increased generation of neurons per neurogenic period. In the 
next section, we will discuss how maintenance of a prolifera- 
tive niche in the OSVZ may underpin such increases in neuron 
generation. 

7. MAINTENANCE OF A BASAL PROLIFERATIVE NICHE 
DURING PEAK NEUROGENESIS 

Conical expansion of the SVZ into outer and inner regions is a 
hallmark of increased neurogenic proliferative capacity (Smart 
et al., 2002). It is likely necessary — but not sufficient (Kelava et al., 
2012) — to generate a gyrencephalic neocortex. In the human 
OSVZ, bRG cells may generate neurons via TAPs, progenitor cells 
capable of multiple rounds of proliferation (Hansen et al., 2010); 
and while TAPs are putatively present in other large-brained, 
highly gyrencephalic species, they have not been observed in sig- 
nificant numbers or with comparable proliferative capacity in 
lissencephalic species (Wang et al., 201 1). Intrinsic factors, such as 
the expression level and inheritance of certain transcription fac- 
tors (e.g., Pax6, Sox2) likely play a role in the proliferative capacity 
of bRG and TAPs, but there is accumulating evidence that extrin- 
sic factors distinguish the behavior of progenitors in the basal 
compartment between lissencephalic and gyrencephalic species. 

Extracellular matrix has been implicated in expansion of the 
SVZ (Barros et al., 2011; Fietz et al., 2012). For example, inter- 
ference with integrin signaling, a major part of ECM-derived 
signaling, results in a reduced number of bRG without affecting 
the TAP/IP population (Fietz et al., 2010). This suggests that the 
proliferative capacity of bRGs, compared to TAPs/IPs, depends on 
integrin signaling maintained via the basal process. Furthermore, 
there is a denser invasion of incoming thalamic fibers in the SVZ 
of gyrencephalic compared to lissencephalic species. These fibers 
secrete proliferation-promoting factors (Kriegstein and Alvarez- 
Buylla, 2009; Dehay et al, 2001) and subdivide the SVZ into an 
outer and inner region in gyrencephalic species (Smart et al., 
2002). Work in the mouse has shown that blood vessels in the 
SVZ, which have basal lamina, establish a proliferative niche 
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FIGURE 5 | Gray matter cortical thickness varies with brain regions and 
phylogeny. (A) Twelve brain region volumes and GM thickness presented in 
a pie-chart matrix of positive (blue gradient) and negative (red gradient) 
correlations. Note that all brain region volumes - except BBO, which is a 
developmental^ and functionally separate region - show very high (R 2 > 0.8) 
positive correlations, whereas cortical thickness is lowly (R 2 < 0.4) correlated 
with all brain region volumes. BBO, olfactory bulb; CRB, cerebellum; CI 
cortical thickness; DCP diencephalon; HPC, hippocampus; LBR piriform lobe; 
MCP mesencephalon; MDO, medulla oblongata; NHFJ neurohypophysis; 



NPL, neopallial; SPM, septum; STM, striatum; TCP, telencephalon. Volumetric 
data from Stephan et al. (1981). (B) GM thickness is measured as the 
average distance between layers I and VI (yellow bars) in a systematic 
random sample of the neocortex. (C) A phylogenetic tree of 40 mammal 
species (Bininda-Emonds et al. 2007) showing the distribution of brain weight 
(Iog10 + 1 ) and GM thickness (log 10 + 1 ) across species. GM thickness in all 
species was measured with Fiji (Schindelin et al., 201 2) on slides from 
brainmuseum.org. See Lewitus et al. (2013) and Table Al for 
neuroanatomical data in (C). 



in their vicinity (Javaherian and Kriegstein, 2009; Stubbs et al., 
2009), so vascularization of the developing neocortex is also likely 
to be integral to the establishment and maintenance of a prolifer- 
ative SVZ. While it remains unknown which factors are secreted 
by blood vessels, basal processes, and other ECM vehicles to 



determine the proliferative capacity of the basal compartment, 
transcriptome analyses of the developing neocortex in human 
and mouse have revealed an enrichment of ECM-related tran- 
scripts, not only in the OSVZ compared to the VZ, but also in the 
human OSVZ compared to the mouse SVZ (Arai et al., 201 1; Fietz 
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FIGURE 6 | Gray matter (GM) thickness is a function of brain weight and 
neuron density. (A) Variation in GM thickness can be significantly explained 
by brain weight [Fp, 37) = 22.58, P = 3.9 x 10~ 7 ] and neuron density 
IF(2, 20) = 7.96, P = 0.003], but not by either Gl [F (2 , 38) = 0.066, P = 0.936] 
or astrocyte density [Fg, 20) = 2.37, P = 0.119]. The insets suggest a strong 
phylogenetic signal (Pagel, 1999), tantamount to a random walk, in the 
scaling of GM thickness as a function of brain weight (lambda = 0.89j^g 09J) 



and neuron density (lambda = 0.88vJ™). (B,C) Ln-transformed 
phylogenetically independent contrasts with regression through the origin for 
GM thickness as a function of (B) brain weight and (C) neuron density. GM 
thickness scales positively as a function of brain weight (e 0136± 0 027 ) and 
negatively as a function of neuron density ( e -0-276±o.098j q 6 || densities 
pertain to gray matter counts in the visual cortex from Lewitus et al. (2012). 
See (Lewitus et al., 2013) and Table Al for neuroanatomical data. 



et al., 2012), providing clear evidence for an interplay between 
ECM signaling, an expanded basal compartment, and a large, 
gyrencephalic neocortex. 

8. CONCLUSION 

Brain size is subject to significant heritability. As such, selection 
pressures directing brain evolution in humans have ranged from 
tool-making abilities to diet to long-distance running [reviewed 
in Healy and Rowe (2007)]. While none of these pressures is likely 
to be solely responsible for human neocortical expansion — nor 
can any of them be incorporated into a general theory of mam- 
malian neocortical expansion — the fact remains: the neocortex 
has expanded many times in mammalian evolution; and the fea- 
tures underwriting that expansion may ultimately be traced back 
to neurogenic changes at the cellular level. What remains to be 
understood, however, is which features are highly constrained 
and which features have been repeatedly implicated in neocortical 
evolution. 

Adult mammalian brains are not identical at the cellular level. 
Phylogenetic differences in the density of cortical columns and 
in the morphology and biochemistry of neurons have been iden- 
tified in most orders (e.g., Beaulieu, 1993; Peters and Yilmaz, 
1993; Nimchinsky et al., 1999; Preuss and Coleman, 2002; Hof 
and Van der Gucht, 2007; Herculano-Houzel, 2011). The con- 
figuration of structural and functional topographical maps that 
constitute the mammalian brain, too, has seen many evolution- 
ary examples of proliferation, addition, and segregation [reviewed 
in Krubitzer and Seelke (2012)]. Therefore, universal modular 



architecture does not exist for the mammalian neocortex and 
neocortical size may not fairly be considered as an index of gen- 
eral functional capacity. Differential growth across the neocortex 
and between species, however, may tell us how variation in neo- 
cortical size is achieved, even if it will not necessarily inform 
us of the environmental selection pressures effecting that vari- 
ation. Here, we have taken a reductionist approach by claiming 
that a gross neuroanatomical feature (neocortical folding) may 
signify differences in neurogenic programming both within an 
individual and across species. We have made this claim based on 
evidence that neocortical size is determined before any neuronal 
connections are established and on the assumption that the for- 
mation of neocortical gyri is the result of an interaction between 
selection pressures in cognitive or sensory behavior and the cell- 
biological properties of neural progenitors throughout neurogen- 
esis. Neocortical size is determined by neurogenic programming 
(i.e., the distribution of progenitor-type populations and the dif- 
ferential regulation of those populations during neurogenesis). 
Some neocortical regions may have higher neuron numbers or 
densities requiring greater degrees of local modulation and con- 
trol (Collins et al., 2010; Collins, 2011; Bianchi et al., 2012). In 
these regions, tremendous perinatal increases in astrocytes and 
oligodendrocytes will drive the morphological expansion of neo- 
cortical regions. Specializations in behavior are known to be com- 
plemented by cellular or molecular enhancements in the regions 
of the brain mediating those specializations (Krubitzer, 2007). 
The enlargement of Meynert cells in the visual cortex of monkeys 
compared to carnivores, for example, is thought to represent 
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the evolution of a cellular substrate for specialized sensorimotor 
capacities related to eye-hand movements that are highly devel- 
oped in monkeys compared to carnivores (le Gros Clark, 1942; 
Sherwood et al., 2003). Similarly, the introduction of acoustic 
noise to rat pups has been shown to alter the cortical magnifi- 
cation of particular neuronal frequencies in the primary auditory 
cortex (Chang and Merzenich, 2003), showing that even within an 
individual behavioral and cellular adaptations are tightly linked. 
In the case of mammalian neocortical expansion, we observe 
increased vascularization of the neocortical germinal zone, sub- 
division of the SVZ into an outer and inner region, expansion 
of the OSVZ, upregulation of ECM signaling to abventricular 
progenitors, and increased proliferative capacities of non-polar 
progenitors in the basal compartment of large-brained, gyren- 
cephalic species. We think that these features are correlated in 
both development and evolution and that any variation between 



individuals or species in neocortical morphology will not only 
be underwritten by changes in neurogenic programming but will 
also be constrained by limitations imposed by the mammalian 
neurogenic program. 
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APPENDIX 



Table A1 | Neuroanatomical parameters in 40 mammal species*. 



Species 


Brain weight 


Neuron density 


Astrocyte density 


Gray matter thickness 


Ventricle (1 and 2) 


Gl d 




(g) a 


(per mm 3 ) b 


(per mm 3 ) b 


(mm) c 


volume (mm 3 ) 8 




Castor canadensis 


41 .17 


NA 


NA 


1.82 


NA 




1.02 


Hydrochoerus h. 


63.5 


NA 


NA 


1 .19 


NA 




1.3 


Oryctolagus cuniculus 


6.5 


NA 


NA 


0.94 


NA 




1.15 


Erythrocebus patas 


105.65 


416869 


1 54882 


NA 


561 




1.91 


Miopithecus talapoin 


39.1 


NA 


NA 


NA 


262 




1.74 


Mandrillus sphinx 


NA 


263027 


138038 


1.21 


NA 




2.14 


Lophocebus albigena 


103.38 


NA 


NA 


NA 


742 




1.87 


Macaca mulatta 


89.22 


422149 


113783 


1 .14 


834 




1.79 


Piliocolobus badius 


76.75 


NA 


NA 


NA 


455 




1.81 


Pygathrix nemaeus 


84.83 


NA 


NA 


NA 


911 




1.64 


Gorilla gorilla 


477.44 


144544 


138038 


NA 


3608 




2.26 


Pan troglodytes 


392.06 


208930 


123027 


1.25 


1899 




2.46 


Hylobates lar 


101.52 


NA 


NA 


NA 


555 




1.86 


Alouatta palliata 


52.75 


176349 


49168 


1 .31 


NA 




1 .33 


Lagothrix lagotricha 


95.58 


NA 


NA 


NA 


1090 




1.97 


Callicebus moloch 


19 


467735 


125893 


1.11 


NA 




1.25 


Aotus trivirgatus 


17.4 


410950 


59930 


1 .36 


105 




1.31 


Callimico goeldii 


10.95 


NA 


NA 


NA 


48 




1.26 


Callithrix jacchus 


7.61 


NA 


NA 


NA 


52 




1.17 


Saguinus midas 


10.5 


NA 


NA 


NA 


251 




1.2 


Saimiri sciureus 


22.98 


478630 


117490 


1.07 


299 




1.46 


Microcebus murinus 


1.85 


190546 


112202 


NA 


11 




1.1 


Cheirogaleus major 


6.43 


NA 


NA 


NA 


83 




1.15 


Cheirogaleus medius 


3.01 


186209 


109648 


NA 


25 




1.11 


Avahi laniger 


10.65 


NA 


NA 


NA 


172 




1.26 


Avahi occidentalis 


9.69 


NA 


NA 


NA 


74 




1 .15 


Propithecus verreauxi 


26.9 


NA 


NA 


NA 


231 




1 .35 


Indri indri 


37.35 


NA 


NA 


NA 


330 




1 .46 


Daubentonia m. 


44.89 


NA 


NA 


NA 


392 




1.25 


Eulemur fulvus 


28.1 


NA 


NA 


NA 


194 




1 .46 


Eulemur mongoz 


20.75 


234423 


138038 


1 


NA 




1.33 


Varecia variegata 


49.83 


NA 


NA 


NA 


299 




1.32 


Lepilemur ruficaudatus 


7.5 


NA 


NA 


NA 


77 




1.14 


Perodicticus potto 


13.54 


NA 


NA 


1 .03 


127 




1.27 


Loris tardigradus 


6.63 


NA 


NA 


NA 


52 




1.29 


Nycticebus coucang 


11.73 


109648 


53703 


1.25 


142 




1.21 


Galago senegalensis 


4.8 


338844 


151356 


NA 


40 




1.17 


Otolemur crassicaudatus 


10.6 


NA 


NA 


NA 


147 




1.26 


Galago demidoff 


3.35 


NA 


NA 


NA 


30 




1.21 


Tupaia glis 


3.03 


131826 


107152 


0.87 


NA 




1.06 


Capra hircus 


106 


NA 


NA 


0.94 


NA 




2.28 


Bos taurus 


462 


NA 


NA 


1.32 


NA 




2.53 


Odocoileus virginianus 


160 


NA 


NA 


0.84 


NA 




2.27 


Tursiops truncatus 


1489 


147911 


229087 


0.79 


NA 




4.76 


Sus scrofa 


137.65 


48978 


70795 


0.78 


NA 




2.16 


Lama glama 


216.77 


NA 


NA 


0.76 


NA 




2.7 


Equus caballus 


712 


NA 


NA 


0.84 


NA 




2.8 


Mustela putorius 


8.25 


NA 


NA 


0.56 


NA 




1.75 



(Continued) 
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Table A1 | Continued 



Species 


Brain weight 
(g) a 


Neuron density 
(per mm 3 ) b 


Astrocyte density 
(per mm 3 ) b 


Gray matter thickness 
(mm) c 


Ventricle (1 and 2) 
volume (mm 3 ) 8 


Gl d 


Procyon lotor 


40.02 


104713 


83176 


0.8 


NA 


1.85 


Zalophus californianus 


363 


30903 


57544 


1.22 


NA 


2.52 


Phoca vitulina 


273.75 


NA 


NA 


1.06 


NA 


2.38 


Ursus maritimus 


472.68 


44668 


95499 


1.32 


NA 


2.04 


Vulpes vulpes 


45.63 


81283 


77625 


1.75 


NA 


1.8 


Panthera leo 


247.21 


NA 


NA 


1.48 


NA 


1.85 


Felis catus 


31.18 


114815 


22909 


0.85 


NA 


1.5 


Crocuta crocuta 


153.27 


63096 


79433 


1.28 


NA 


1.74 


Cynictis penicillata 


12.51 


141254 


123027 


0.79 


NA 


1.35 


Pteropus giganteus 


9 


NA 


NA 


0.96 


NA 


1.25 


Erinaceus europaeus 


3.5 


194984 


128825 


0.85 


NA 


1 


Sorex araneus 


0.2 


338844 


295121 


0.38 


NA 


1 


Choloepus didactylus 


7.7 


NA 


NA 


0.8 


NA 


1.38 


Dasypus novemcinctus 


10.75 


NA 


NA 


1 


NA 


1.07 


Trichechus manatus 


382 


51286 


97724 


2.71 


NA 


1.02 


Procavia capensis 


19.17 


NA 


NA 


0.71 


NA 


1.37 


Macropus fuliginosus 


64.8 


NA 


NA 


1 


NA 


1.41 


Didelphis virginiana 


6.72 


NA 


NA 


0.66 


NA 


1.12 



'All data for adult. 
a Stephan etal., 1981. 
b Lewitus etal., 2012. 
c See Figure 5. 
d Lewitus etal., 2013. 
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